Phosphorylation is the most important post-translational modification of proteins in eukaryotic cells and it is catalysed by enzymes called kinases. The balance between protein phosphorylation and dephosphorylation is critical for the regulation of physiological processes and its unbalance is the cause of several diseases. Conventional assays used to analyse the kinase activity are limited as they rely heavily on phospho-specific antibodies and radioactive tags. This makes their use impractical for high throughput drug discovery platforms. We have developed two versatile methods to detect the release of protons (H + ) associated with the protein phosphorylation catalysed by kinases. The first approach is based on the pH-sensitive response of oxide-semiconductor interfaces and the second method detects the pH changes in phosphorylation reaction using a commercial micro pH electrode.
Introduction
Serine, threonine and tyrosine amino acids can be phosphorylated by protein kinases, which regulate protein conformation, trafficking, degradation and activity (Cohen, 2002; Groban et al., 2006) .
Protein phosphorylation plays a critical role in the regulation of cell growth, differentiation and apoptosis (Manning et al., 2002) , while its dysregulation is the cause of many diseases (Cohen, 2001 ).
Autoimmune disorders (Arsenault et al., 2011; Kobashigawa et al., 2011) , chronic inflammatory diseases (Cohen, 2001; Martinez et al., 2002) , different cancers ( Chen et al., 2009) , diabetes (Cohen, 2001 ) and Alzheimer's disease (Buxbaum, 1993; Wang et al., 2013) are associated with abnormal protein phosphorylation. In this respect, kinase inhibitors are intensively investigated in drug discovery (Cohen and Alessi, 2013) . Current methods for understanding kinase activity are based on mass spectroscopy (Zhang et al., 2005) , electrochemical impedance spectroscopy (Martić et al., 2012a (Martić et al., , 2012b , isotope labelling technique (Stasyk and Huber, 2012) , or immunoassays (Nadler et al., 2008) . The above techniques are time consuming, laborious, cost inefficient or require the usage of toxic chemical reagents (e.g. radioactive tags/labels). Alternative approaches have been proposed such as cyclic voltammetry (Wang et al., 2010) , contact angle measurements (Wieckowska et al., 2008) , surface plasmon resonance (Yoshida et al., 2000) , fluorescence polarisation (Inoue et al., 2002) nanoparticle-based approaches (Kerman and Kraatz, 2009) , and electrogenerated chemiluminescence (Chen et al., 2013) . These label-free electrochemical or optical techniques avoid some of these limitations and could precisely determine the kinase activity (Wang et al., 2011; Miao et al., 2012) .
However, most of these methods have so far found limited application because in the vast majority they are unsuitable for high-throughput screening (HTS), and often require highly specialised and expensive equipment (Mark et al., 2010) .
Field-effect transistor (FET) devices as electronic transducers for label-free detection of bimolecular interactions are very promising towards the development of low-cost high-throughput label-free electronic devices. The potential of very large scale integration (VLSI) technology to form an array of ion-sensitive FETs (ISFETs) to monitor biocatalytic transformation was explored by Ion Torrent for DNA sequencing on a chip, which allows sequencing at a whole genome level (Rothberg et al., 2011) . This revolutionary technique is based on the creation of a nanoarray of ISFETs, which allows the detection of release of protons from phosphodiester bond formation on thousands of copy DNA molecules at once, leading to the parallel sequencing of several thousands of DNA molecules. A similar approach could be applied to protein phosphorylation studies aiming at either identifying the subset of proteins phosphorylated by a single kinase (one kinase/several potential target proteins) (Lindsay, 2012) or investigating a large number of potential inhibitors/modulators on the activity of a single kinase (one kinase/one target protein). The latter would make possible to identify novel protein kinase inhibitors and its application in the development of miniaturised drug discovery platforms can be envisaged. For example, FETs were used to measure the charge of phosphorylated proteins from kinase activity (Freeman et al., 2007) , where the degree of charging of the gate surface on FET structures due to kinase activity was studied. An alternative and arguably simpler approach would be to directly monitor the pH changes that occur upon phosphorylation; such pH monitoring could be achieved by e.g. the use of field-effect devices or micro pH meters.
We report here on two methods used to detect protein phosphorylation of myelin basic protein by the Protein Kinase C alpha (PKC-) kinase. In one method (Fig. 1) , we employ the use of electrolyteinsulator-semiconductor (EIS) capacitor structures to detect the release of protons (H + ) associated with the protein phosphorylation. This is detected in terms of changes in gate capacitance at the oxidesemiconductor interface, which in turn modulates the gate bias voltage of the EIS capacitor. In the second method we use a commercial micro pH electrode to measure changes in pH associated with protein phosphorylation. We also performed western blot to confirm the kinase activity and identity optimum conditions for phosphorylation on the semiconductor structures.
Materials and Methods

Reagents
All chemicals were of analytical grade and were used as received, unless otherwise specified. interrogation area for the reaction defined by the size of the o-ring (5 mm diameter).
Bio-functionalisation of Si3N4
The dried and acetone vapour cleaned Si 3 N 4 samples were silanised by incubation in 98% 3-glycidoxypropyltrimethoxysilane (GOPTS) in aqueous solution for 1 hour. Five microliters of 156 M myelin basic protein (MBP) was dispensed on the silanised Si 3 N 4 surface inside the teflon well for 40 minutes, enabling the amino groups of MBP to attach to the epoxide group of GOPTS.
The unreacted GOPTS sites were blocked by incubating the sample in 20% ethanol for 30 minutes.
The epoxide converts to ether when reacted with alcohol (Piehler et al., 2000) .
Protein phosphorylation on Si3N4
PKC- is a key protein kinase in several physio-pathological events and was selected for this study.
Myelin basic protein is a known substrate of PKC-. Phosphorylation of MBP was carried out in both "complete reaction buffer" (1 mM Tris base, pH 7.4, 30 mM NaCl and 2 mM MgCl 2 ) and "low ionic the Al back-contact) was varied between -2 and +4 V, superimposed with a small ac signal of 10 mV at 1 kHz. The first measurement for the reaction was taken after adding ATP and kinase, i.e. before the start of phosphorylation process. After adding the kinase activator, the activity of the reaction was studied by recording the C-V characteristics every 2 minutes for 10 minutes. Finally, the measurements were taken at 20, 40 and 60 minutes after the start of the phosphorylation reaction. In the control reactions, C-V measurements were taken at similar time intervals. Each experiment was repeated at least three times and the reported data correspond to the average values. The maximum observed value of the capacitance, C max , which corresponds to C dielectric (capacitance of the silicon nitride / silicon dioxide dielectric layers) does not vary more than 3% from curve to curve. Therefore the curves have been normalized to C max for ease of comparison.
Protein phosphorylation analysis using micro pH meters
For the direct pH measurements using the micro pH meter, the phosphorylation reactions and controls were carried out in solution using similar concentrations of the different components as before. The volume of the whole reaction was of 100 l for all replicates and controls. An InLab Ultra Micro pH electrode with a S220 SevenCompact meter (Metter Toledo) was used to measure the pH of the reaction. This pH electrode has a tip of 3 mm diameter. The pH of the reaction was recorded every 2 minutes until 10 minutes and then at 20 minutes after the reaction. Each experiment was repeated three times and the average values are reported here.
Protein phosphorylation in solution and immunoblot-based detection
The phosphorylation reaction was done in suspension with the same concentrations as described for the phosphorylation on the silicon nitride surface in a 100 l solution volume. Then 10 l of reaction samples of phosphorylation and controls per lane were subjected to 12% acrylamide SDS-PAGE (polyacrylamide gel electrophoresis with sodium dodecyl sulphate). The proteins were electrophoretically transferred to a polyvinylidene fluoride (PVDF) membrane. Washing and hydration of the membrane was done using TBST buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, Tween 20 0.001% V/v). The membranes were incubated at 4°C for 24 hours with phospho-(Ser) PKC substrate antibodies (1:1000) or 2 hours at room temperature with an anti-MBP antibody. A speciesspecific HRP-linked secondary antibody was then incubated for 45 minutes at room temperature. An enhanced chemiluminescence (ECL) method was used to detect the immunobands on the membranes.
TMB assay
MBP bio-functionalised Si 3 N 4 surface was incubated with its antibody at a concentration of 0.5 g l surface and the samples were incubated at room temperature for 20 minutes until a distinct colour change was observed. Finally, the reaction was stopped by adding 50 μl of 2 M sulphuric acid and the absorbance was measurement at 450 nm using a low-volume spectrophotometer (Genova Nano, Jenway Biotech, USA).
Results and Discussion
Protein phosphorylation in solution and immunoblot-based detection
Using a conventional western blot technique we first confirmed the phosphorylation of MBP by the PKC- kinase. This reaction was mainly done to optimize the reaction conditions, amount of kinase to be used and to identify the suitable buffer strength for the phosphorylation on the semiconductor structures. 2 gels were run with six lanes in each gel with phosphorylation reaction and controls.
Lanes 2 through 6 had 10 l of complete phosphorylation reaction with MBP, kinase and its activator.
The difference between the lanes was in the buffer strength and its composition: reaction in lane 2 was done in 5 mM Tris base, pH 7.4, 150 mM NaCl and 10 mM MgCl 2 ; lane 3 reaction buffer was identical to lane 2 except it had 5% of BSA; lanes 4 and 5 differed from lanes 2 and 3 by using 1/5 of the amount of each buffer component (i.e. 1 mM Tris base, pH 7.4, 30 mM NaCl and 2 mM MgCl 2 , with and without BSA). Lanes 1 and 6 had the control reactions: lane 1 was without kinase and lane 6 was without kinase activator. One gel was developed with phospho-tagged antibodies and another gel was developed with myelin basic protein antibodies. Fig 2A shows the data for phosphorylation of MBP. Luminescent bands were observed between 17 to 24 kDa, consistent with the MBP molecular weight of 18.2 kDa. No luminescence was observed in lanes 1 and 6 as shown in Fig 2A. After removing phospho-specific antibodies from the same blot, it was run with MBP antibodies to check whether MBP was present in lanes 1 and 6. Western blot on Fig. 2B shows that MBP was present in all lanes. These results are consistent with the fact that phosphorylation of MBP was due to PKC- kinase. It also depicts that PKC- lipid activator is essential for activating kinase.
Phosphorylation on Si3N4
The immobilisation of MBP on the Si 3 N 4 surfaces was demonstrated by adding an anti-MBP antibody followed by a HRP-modified secondary antibody. The TMB assay induces a colour change in the presence of HRP, which was detected using a spectrophotometer. The surface with immobilised MBP showed 10 times higher absorbance than the one without MBP (see supplementary information).
Capacitance-voltage (C-V) characterisation of the EIS structures with MBP immobilised on the Si 3 N 4 surface was also performed, revealing a pH sensitivity of 51.7 mV/pH between pH 7.2 and 8.8 (see supplementary information). For MBP in solution, there is a calculated change of net charge of +3.3 between pH 7.2 and 8.8, so a pH dependence of the C-V curves is expected since the change in charge affects the interfacial electrochemical potential, which in turn modulates the gate voltage. However, the main effect is likely to be associated with the known pH sensitivity of the Si 3 N 4 dielectric: at lower pH values, the excess of H + ions on the Si 3 N 4 surface decreases the threshold voltage of the structure; as a result, at higher pH the depletion region of the curve shifts towards lower gate voltages. Fig 3A shows the changes in gate potential, ∆V g , upon treatment of immobilised mylien basic protein with PKC- kinase (4 units), its activator and ATP, at different time intervals. As the time interval for the interaction of MBP with PKC-/ATP is extended, the changes in ∆V g increase until it stabilises after 13 minutes to a value of 37 mV. Experiments without PKC- kinase activator revealed a negligible change of 2.1 mV in gate potential (as seen in Fig. 3A ). This implies that the kinase activator is essential to induce the chemical reaction on the bio-functionalised Si 3 N 4 surface. The reaction with inhibitor did not show any significant changes in the ∆V g , which was equal to 1.9 mV after 60 minutes. Upon phosphorylation of MBP by the kinase, each amino acid that undergoes phosphorylation releases a proton, which is adsorbed on the surface of Si 3 N 4 . As a result, the threshold potential of the structure decreases and a change in voltage is observed. As the reaction with kinase/ATP is prolonged, phosphorylation increases, leading to higher ∆V g changes. The change in threshold potential was inversely proportional to the amount of phosphorylation. In Fig 3A the saturation of surface groups observed after 13 minutes due to maximum kinase activity of 4 units leads to a stable value of ∆V g equal to 37 mV.
The successful detection of the protein phosphorylation event was then tested to assay the kinase activity. The Si 3 N 4 surface immobilised with MBP was reacted with different concentrations of PKC- kinase in the presence of ATP and kinase activator for 40 minutes with a time interval of 2 minutes until 10 minutes and then at 20, 30 and 40 minutes after the start of the reaction. Fig 3B shows the change in gate voltage ∆V g after maximum kinase activity was observed with different kinase concentrations. The shape of the curve depicts that a minimum of 0.5 units of kinase is required to see any noticeable potential change. However, 0.8-1 units of kinase are needed to yield a signal that distinguishes it from the controls (reactions with kinase inhibitor or without kinase activator) and confirm phosphorylation of protein.
Micro-pH electrode measurements
Fig 4 shows a pH change of 0.07 upon phosphorylation of MBP in solution, measured using a micro pH electrode. The pH of the solution containing kinase, ATP and MBP was found to be stable for at least 10 minutes. Upon the addition of the kinase activator, an abrupt change in pH was observed, which stabilised after 2 minutes for the next 20 minutes. This change was not observed without kinase activator or with inhibitor of kinase. Therefore we claim that changes in pH were due to phosphorylation of protein and can be detected using a micro-pH electrode. Overall the total change in pH detected was very low, at around 1.5%. This is attributed to the fact that the reaction is carried out in a buffer solution. The release of protons due to the phosphorylation reaction therefore disturbs only slightly the pH of the buffer. The pH value of 7.4 for the reaction solution was dictated by the need to retain the protein conformation and enable kinase activity. This indeed prevents high sensitivity responses. In addition, it was also apparent from the curves (Fig 4) that there was a long term drift and hysteresis losses in the sensor that resulted in slight pH changes when phosphorylation reaction is prolonged to check the stability. This accounts for the shape of the curve. However, 2-way ANOVA test revealed that phosphorylation results were significant when compared with the controls (without kinase activator and with kinase inhibitor) within p < 0.01. So this methodology still proves to be a time and cost efficient in-laboratory technique that is able to distinguish between phosphorylated and non-phosphorylated substrates upon phosphorylation by kinase.
Detection mechanism on Si3N4
When hydrogen ions are released upon phosphorylation of protein, there is a change in pH of the solution which negates the negative charge on the protein due to phosphorylation. This is because when the pH decreases the net negative charge of the protein also decreases. This change in pH is measured by the Si 3 N 4 EIS capacitor structure. The detection mechanism is similar to the operation of a field-effect transistor (FET). The difference lies in the removal of the metal layer from the gate of the FET, exposing the dielectric layers to direct contact with the electrolyte, whereby ions are adsorbed on the surface. This creates a conducting layer on the surface of the insulator and generates a similar effect to applying a voltage at the gate of a FET (F. Yan et al., 2005) . In particular, this can be explained by site binding theory, which relates the solid-liquid interface potential to local pH changes in the solution (Van Hal et al., 1995; Wu et al., 2013) . At the interface, the Si 3 N 4 surface has active sites in the form of neutral surface hydroxyl (SiOH) groups. Upon phosphorylation of MBP there is a release of a proton from every amino acid that gets phosphorylated. 
Conclusions
This work successfully demonstrates and compares protein phosphorylation detection by pH-sensitive oxide-semiconductor capacitor structures and by a commercial micro-pH electrode. In particular, detection on pH-sensitive silicon nitride shows a remarkably high sensitivity and response. A good correlation was observed between our hypothesis and the experimental results. The generalized detection mechanism serves well to explain the detection of release of proton during protein phosphorylation. Direct detection of pH variations is challenging due to the buffering capabilities of the solution and to the technological difficulties in developing micro-pH electrodes which are subjected to less hydration and ion migration, and can measure local pH changes inside a buffer.
Although we studied phosphorylation of myelin basic protein by PKC-, this approach can be extended for analysing activity of other kinases. The major potential application of this study would be the development of arrays of EIS structures, ISFETs or micro-pH sensors, whereby protein kinase activity is analysed in the presence of a wide range of inhibitors. This application would allow a giant leap forward in kinase inhibitor drug discovery. These label-free detection techniques might also prove useful to study protein kinase specificity (i.e. identification of target proteins amongst a subset of cellular proteins immobilised on a microchip), which would be of particular interest in cell biology and signalling research. is expected since the change in charge affects the interfacial electrochemical potential, which in turn modulates the gate voltage. However, the main effect is likely to be associated with the known pH sensitivity of the Si 3 N 4 dielectric. In Fig. S2 , for a given voltage in the depletion region, an increase in capacitance is observed at higher pH. This is attributed to the fact that at lower pH, the excess of H + ions on the Si 3 N 4 surface decreases the threshold voltage of the structure. As a result, at higher pH the depletion region of the curve shifts to the left as shown in Fig. S2 . This shift indicates a change in the gate voltage, ∆V g , which increases as pH decreases. This increase with pH was found to be linear with a regression coefficient of 0.99. The data in Fig. S2 served as calibration curves corresponding to the change in gate potential due to the change in pH. surface was also performed, revealing a pH sensitivity of 51.7 mV/pH, using 1 mM Tris buffer at pH 8.8, 7.8 and 7.2. The curves have been normalized for statistical comparison since C dielectric (capacitance of silicon nitride and silicon dioxide) does not vary more than 3% from curve to curve. Fig S3 shows the experimental setup used. Reactions on silicon nitride were done by sandwiching the substrate between an upper Teflon well and a lower conducting plate. A conventional electrochemical setup with three electrodes was used to perform the Capacitance-voltage characterisation.
Figure captions
Experimental Setup
